For polar/nonpolar heterostructures, Maxwell's theory dictates that the electric potential in the polar components will increase divergently with the film thickness. For LaAlO 3 /SrTiO 3 , a conceptually intriguing route, termed charge reconstruction, has been proposed to avert such ''polar catastrophe''. The existence of a polar potential in LaAlO 3 is a prerequisite for the validity of the charge reconstruction picture, yet to date, its direct measurement remains a major challenge. Here we establish unambiguously the existence of the residual polar potential in ultrathin LaAlO 3 films on SrTiO 3 , using a novel photovoltaic device design as an effective probe. The measured lower bound of the residual polar potential is 1.0 V. Such a direct observation of the giant residual polar potential within the unit-cell-scale LaAlO 3 films amounts to a definitive experimental evidence for the charge reconstruction picture, and also points to new technological significance of oxide heterostructures in photovoltaic and sensing devices with atomic-scale control.
I n today's materials science, much research effort is devoted to exploring intriguing emergent properties and potential technological applications at the interface of two dissimilar materials. One particularly active area is related to oxide interfaces, with the growth of polar LaAlO 3 (LAO) overlayers on the nonpolar SrTiO 3 (STO) substrates as a prototypical example [1] [2] [3] . It was discovered that, even though the LAO overlayer and the STO substrate were both insulating, their interface could become conducting with pronounced carrier mobility 4 , suggesting the possible generation of an interfacial quasi-two-dimensional electron gas (q2-DEG) 5 . More recent studies have also shown the existence of ferromagnetism 6 , superconductivity 7 , and even the coexistence of ferromagnetism and superconductivity [8] [9] [10] [11] at the interface. Ever since the initial report of the LAO/STO interfacial conductivity, there has been active debate 2, [12] [13] [14] [15] [16] [17] [18] [19] about the underlying physical origin of the q2-DEG, which in turn is believed to be responsible for many of the intriguing interface phenomena. In the charge reconstruction picture 13 , a net fraction of electron charge is transferred from the LAO surface to the interface above a critical LAO thickness of 4 unit cells (uc), to suppress the divergence of the electric potential associated with the polar field in the LAO overlayer (known as the ''polar catastrophe''). Ideally, a complete suppression of the polar field would require a net transfer of 0.5 electron per two-dimensional unit cell 13 , which could occur only for an infinitely thick LAO overlayer 20, 21 . For physically realistic systems with finite overlayer thicknesses, the interface carrier density was consistently much smaller than that expected from the ideal charge transfer picture 5, 20, 21 ; this incomplete charge reconstruction in turn is expected to be accompanied by the existence of a residual polar potential V res in the overlayer, as shown in the left panel of Fig. 1a [20] [21] [22] [23] . In competition with the intrinsic charge reconstruction picture, extrinsic mechanisms, including oxygen vacancies [14] [15] [16] [17] and interface intermixing 18, 19 , have also been proposed. In these two models, the polar field in the LAO is expected to be minimal 14, 17, 18 . Determining the existence of the polar field in the LAO overlayers is thus vitally important in potentially revealing the dominant underlying mechanism for the interfacial q2-DEG. Extensive efforts have been devoted to its measurement under different physical situations, yet to date, highly controversial findings have been reported in these studies using different approaches, and in many cases involving indirect measurements 18, [24] [25] [26] . It is therefore highly desirable, and is also of great significance, to firmly establish the existence of the residual polar field using more direct experimental probes.
Here we show the direct observation of such residual polar potentials in the LAO overlayers with a thickness down to a few uc by exploiting the photovoltaic (PV) effect as a more effective and reliable probe, with the interfacial q2-DEG serving as a natural electrode. The use of the PV effect is essential in enabling a more definitive characterization of the intrinsic polar potential. Furthermore, the demonstration of PV effects at such an ultimate uc scale is expected to have far-reaching technological impacts as well.
Results

PV effect characteristics.
High-quality LAO overlayers were grown on STO(001) substrates with atomic-layer control as described in the Methods. Two types of samples were prepared: one with only in-situ postannealing, the other with further postannealing under atmospheric oxygen pressure. Samples with only in-situ postannealing were adopted in the PV measurements unless otherwise specified. As depicted in Fig. 1b , the PV effects were detected by currentvoltage (I-V) measurements performed at room temperature between a metal electrode on the LAO surface and the q2-DEG at the LAO/STO interface for LAO overlayers of varying thicknesses. The q2-DEG that emerges at the LAO/STO interface serves as a natural and convenient bottom electrode, which allows to directly measure the transport properties across the ultrathin LAO overlayers. In principle, the open-circuit voltage V oc measures the electric potential difference between the LAO/STO interface and the electrode/LAO interface. The presence of a top metal electrode generally leads to additional charge transfer from the metal to the STO near the LAO/STO interface (as will be discussed in more details later), a process that will further reduce the V res in the LAO to V9 res as depicted in the middle panel of Fig. 1a . We also note that the positive polar field in the LAO can be completely compensated or even be overturned to be negative by the metal contact having a sufficiently small work function 27 . In order to ensure such a compensation effect to be as minimal as possible, Au electrodes with a relatively large work function were adopted in the measurements unless otherwise specified.
As observed in Fig. 1c , the rectifying effect in the dark I-V curve is not as distinct as that in typical semiconductor p-n junctions , a phenomenon similar to that occurring in narrow p-n junctions where both sides of the junctions are heavily doped 28 . In either case, the deviations from the typical rectifying effect stem from electron tunneling through the narrow junctions.
Under the illumination of a 6.7-eV ultraviolet (UV) light, the LAO/STO heterostructure exhibits I-V characteristics with a strong PV effect (Fig. 1c) . For a 5-uc-thick LAO overlayer, an open-circuit voltage of V oc 5 0.31 V, a short-circuit current of I sc 5 165 nA, and a filling factor of 31% were obtained for a top electrode of Au with a contact area of 0.0064 cm 2 . The filling factor is relatively low compared with that of semiconductor-based PV devices, likely due to the significantly higher series resistance across the thin LAO layer (of the order of MV). The I sc scales linearly with the lateral size of the Au electrode, whereas the V oc remains almost as a constant, as shown in Fig. 2a . This linear scaling is reasonable, because only the excitons excited in the LAO region underneath the Au electrode could contribute to the photocurrent, given the insulating nature of the LAO surface (the latter is to be discussed in more details later). Hereafter, the current density J will be used to represent the photocurrent between the top Au (or other metal) electrode on the LAO surface and the LAO/STO interface.
Exclusion of other possible mechanisms for the observed PV effect. To conclusively identify the observed PV effect to be truly due to the residual polar field, next we analyze several leading factors that may cause undesirable complications in the PV measurement. First, we have checked to ensure that the working principle depicted in Fig. 1a is indeed valid, which demands that the Au electrode is not short-circuited to the q2-DEG, and the LAO surface is insulating. The first condition is evidenced by the observation that the resistance between the surface Au electrode and the q2-DEG is about 5 MV, almost two orders of magnitude larger than the resistance of the q2-DEG (about 70 kV). The second is evidenced by the resistance between two surface Au electrodes (about 10 MV), which has the same order of magnitude as that between one surface Au electrode and the q2-DEG.
Secondly, we rule out the possibility that the charge transfer between the Au electrode and LAO surface could be mainly responsible for the observed PV effect. In doing so, it is necessary to stress that both the directions of the observed photovoltage and photocurrent are consistent with the intrinsic polar field in the LAO. As a rough estimate, the work function of the LAO surface is the sum of the LAO electron affinity (with the bulk value of 2.5 eV 29 ) and the LAO bandgap (with the bulk value of 5.6 eV 29 , or slightly larger if considering quantum size effects for thinner films). Given the bulk Au work function of 5.3 eV, electron transfer is caused from the Au lead to the STO near the LAO/STO interface, and accordingly the electric potential V9 res after Au capping is weaker than the residual polar potential V res before Au capping (see Fig. 1a ). This suppression effect in response to a metal contact was also observed in a recent first-principles study 27 , and also independently confirmed in our present work using physically more realistic models for the Au leads. Details of such calculations are described in the Methods.
The suppression effect described above will be stronger or weaker if a metallic contact with a lower or higher work function is used. Indeed, we found that when a Ag contact with bulk work function of 4.6 eV is used, the V oc is lower; when a Pt contact with bulk work function of 5.6 eV is used, the V oc is higher (see Fig. 2b ). It is also noted that surface states on the conventional semiconductors (such as GaAs) generally induce band bending close to the surfaces, which may also lead to PV effect. For such situations, the barrier height (and thus the V oc ) is pinned by the surface states, and is therefore almost independent on the work function of the metal electrodes 28 . In contrast, in the LAO/STO case, the large variation of the V oc in response to the work function change of the metal contact strongly indicates that there is no or little surface states on the LAO surface. Therefore, the observed PV effect can not be attributed to the surface stateinduced band bending in the LAO.
Thirdly, we show that the observed PV effect can not be originated from the interface q2-DEG. To rule out this possibility, we used two Al wires directly connected to the interface by ultrasonic welding, as described in the Methods. For this arrangement, both the dark and illuminated I-V curves exhibit linear behavior through the origin (Fig. 2c) , indicating good Ohmic contacts at the LAO/STO interface and the corresponding absence of a PV effect from the q2-DEG.
Fourthly, we check the band offset at the LAO/STO interface. In principle, the LAO/STO band offset may also drive a PV effect, if the LAO valence band edge is higher than the STO valence band edge. Controversial findings on the sign of the valence band offset have been reported by X-ray photoelectron spectroscopy measurements 18, 24 . As far as we know, only one experimental study reported that the LAO valence band edge is higher than the STO valence band edge, with a band offset of 0.16 eV 18 . The corresponding potential to this value is much smaller than the observed V oc , which can even be larger than 1.0 V as will be shown later. Thus the band offset at the LAO/STO interface can not explain the observed large V oc .
The last and critical aspect to check is that the PV process occurs in the LAO overlayers instead of the STO substrates. This is accomplished by studying the photon energy dependence of the PV effect. With the same incident photon flux, the V oc and J sc decreased by one order of magnitude from 0.3 V and 28 mAcm 22 under the 6.7-eV illumination to 0.06 V and 1.4 mAcm 22 under the 3.4-eV illumination (Fig. 2d , and recall that the threshold energies associated with the bandgaps of LAO and STO are 5.6 eV and 3.2 eV, respectively). The PV characteristic was also measured with a solar simulator in which only a small proportion of the photons possess energy greater than 5.6 eV. In this case, although the light intensity was much stronger (150 mWcm 22 ), the V oc and J sc were only 0.003 V and 0.33 mAcm
22
, respectively, which are two orders of magnitude smaller than the values under the 6.7-eV illumination. We have also performed measurement across the STO(001) and LAO(001) substrates, with no noticeable PV effect revealed. A previous related study also failed to observe any PV effect on a flat LAO(001) wafer 30 . Photoelectric effects have been reported previously based on LAO related materials [30] [31] [32] [33] [34] . For example, photoconductivity was observed in the LAO/STO and In-Sn-oxide/LAO/Ag structures, which can be attributed to the photo-generated carriers [31] [32] [33] . Such a photoconductivity effect has also been observed here in the q2-DEG at the LAO/ STO interface, as shown in Fig. 2c . The central focus of this work is on the PV effect, which exhibits qualitatively different behaviors. Tilted LAO single crystals have been shown to exhibit an ultraviolet PV effect, whose physical origin was attributed to the Seebeck effect 30 , which should be negligible across the uc-thick LAO overlayer in the present case. We also note that a PV effect was previously revealed in an LAO/Si structure, but with the Si substrate as the active PV region instead of the LAO 34 . Overall, the previously observed photoelectric effects based on LAO related materials are all distinctly different from the strong PV effect reported here across the uc-thick LAO films on STO substrates.
The experimental LAO/STO systems may contain various disorders, such as oxygen vacancies [14] [15] [16] and interface intermixing 18, 19 , both of which would diminish the magnitude of the polar field significantly 14, 17, 18 . In order to minimize the negative effects associated with the oxygen vacancies as discussed earlier, the LAO/STO samples with postannealing under atmospheric oxygen pressure were further adopted for the PV measurements. Under 29-mWcm 22 illumination, the V oc is 0.58 V for Au electrode and 0.66 V for Pt electrode, which are twice the V oc value of ,0.3 V for the samples with only in-situ postannealing. If we regard the electrode/LAO/STO system as a metal-insulator-semiconductor structure with zero polar field assumed in the LAO, the observed PV effect could in principle also be explained by an induced potential in the LAO due to the Fermilevel alignment between the STO and the metal electrode. Nevertheless, if this would indeed be the dominant physical origin, the V oc should essentially stay the same for the LAO/STO sample with or without postannealing at atmospheric oxygen pressure, because such postannealing will not alter the band diagram of the LAO/STO system. The observed V oc enhancement upon atmospheric-oxygen-pressure postannealing is largely explained with consideration of the intrinsic polar field in the LAO. With the thorough cross checks on the various likely complications or artifacts described above, we now can affirmatively attribute the observed PV effects to the intrinsic polar fields surviving in the ultrathin LAO overlayers after charge reconstruction and metal capping. Excitons are photo-excited within the uc-scale LAO films if the photon energy is above the LAO bandgap, and are effectively separated by the strong residual polar fields. The split electrons, in turn, are efficiently collected by the ''remotely'' placed anode with the assistance of the q2-DEG, while the holes are collected by the surface metal contact.
Discussion
Light-intensity-dependent PV measurements were also performed for the samples with postannealing at atmospheric oxygen pressure, and the results are shown in Fig. 3a . Here the measured V oc exhibits a logarithmic dependence on the incident light intensity. Such a dependence can be understood, because I sc is proportional to the light intensity, while V oc is proportional to ln(I sc ), thus the V oc has a logarithmic dependence on the incident light intensity before the internal field is compensated completely by the PV effect 35 . This behavior has also been observed for PV devices based on coaxial Si nanowires 36 . Here the V oc is clearly far from its saturated value, even under illumination at the highest available power density of 48 mWcm 22 . In this case, the residual polar field has not been compensated completely by the PV effect, and the corresponding band diagrams are depicted in the right panel of Fig. 1a and the Supplementary Fig. S1 . The measured V oc should therefore be smaller than V9 res .
The PV effect has also been investigated for different LAO thicknesses. For an ideal LAO/STO system with the LAO thickness equal to or larger than the critical thickness of 4 uc, the V res across the LAO is approximately the STO bandgap of 3.2 eV divided by the electron charge, if the LAO/STO band offset is assumed to be zero 12, [20] [21] [22] [23] . If the interface is perfect and the light absorption is strong enough, the measured V oc should be V res and V9 res without and with the top metal contact taken into account, respectively (see Fig. 1a ), and should also be independent on the LAO thickness. However, as shown in Fig. 3b , the measured V oc for the samples with atmospheric-oxygen-pressure postannealing increases from 0.66 V to 1.03 V as the LAO thickness increases from 5 uc to 15 uc. The observed increase in V oc is reasonable, for example from the consideration that more light is absorbed in the thicker LAO films, thereby driving the PV system closer to the saturation limit.
We can obtain a lower bound estimate on the V res and corresponding residual polar field in the LAO by simply assuming that the V res is equal to the V oc (the actual V res across the LAO should be much larger than the V oc , as discussed earlier). Thus the V res are at least 0.66 V and 1.03 V across the LAO with thickness of 5 uc and 15 uc, respectively, and the corresponding residual polar fields are estimated to be 34 mVÅ 21 and 18 mVÅ 21 , respectively. These fields are almost 3 orders of magnitude stronger than that in the depletion layer of a typical Si p-n junction 28 . In the proposed mechanisms to explain the interfacial q2-DEG, a strong polar potential in the LAO even after the emergence of interfacial q2-DEG is a prerequisite for the intrinsic charge reconstruction model 12, 20, 21 , while the polar potential should vanish for the structural imperfection mechanisms 14, 17, 18 . The observation of a strong residual polar potential as large as 1.03 V favors the charge reconstruction picture. The measured weaker V oc from the V res expected theoretically can be attributed to slight structural disorder, metal contact, and poor light absorption as extensively discussed earlier. In comparison, a residual polar potential of 0.6 V was measured for 5-uc LAO using crosssectional scanning tunneling microscopy 37 . It is worth stressing again that the existence of the residual polar field within the LAO associated with the PV effect indicates that the charge transfer from the LAO surface to the LAO/STO interface is incomplete, namely less than 0.5 electron per 2D uc. As a separate and independent check, we have also directly measured the electron density n e of the interfacial q2-DEG for different LAO thicknesses, and found that n e is almost constant (see more details in the Methods), which is consistent with a previous report 5 . This observation differs from the theoretical prediction that n e increases with LAO thickness 20, 21 , and the discrepancy might be attributed to the localization of some of the transferred electrons 12, 20, 21 . In consideration of this observation and the fact that the V oc is smaller than the V res , the possibility of establishing a direct correlation between V oc and n e is prohibited.
Before closing, we use an illuminating example to briefly highlight the technological relevance of the present study. Fig. 4 demonstrates the normal performance of a commercial CdS photoresistor in response to a green light, driven by a PV device based on the 5-uc-LAO/ STO heterostructure. The strong PV effect upon UV radiation also makes LAO/STO a less expensive, scalable, and sensitive alternative material for radiation detection 38 . Moreover, if the LAO is replaced by another polar material with a smaller bandgap that matches the solar spectrum, a promising solar energy harvester may be expected. This kind of novel PV devices can be seamlessly integrated with the rapidly developing oxide-based electronic circuitry 1 and even mainstream silicon electronics platforms 39 . The availability of polar/nonpolar oxide heterostructures such as LAO/STO possessing tunable electric polarity and interfacial q2-DEG therefore opens new avenues for realization and integration of PV devices at the fundamental ucscale limit.
In conclusion, by using PV effect as an effective probe, we have established definitively the existence of a giant residual polar field in the LAO component with a thickness down to a few uc of the polar/ nonpolar LAO/STO heterostructures. The lower bound of the measured polar potential across the uc-scale LAO overlayers is 1.0 V. This finding not only provides further insight into the underlying physical origin of the interfacial q2-DEG, but also points to new opportunities in exploring PV materials with atomic-layer control for a wide range of applications.
Methods
Sample preparation. Undoped STO(001) single crystals (CrysTec) were etched using an NH 4 F-buffered HF solution after ultrasonic rinsing in deionized water. The crystals were subsequently annealed at 1000uC in an oxygen atmosphere to obtain an atomically flat surface with TiO 2 termination 40 . Next, LAO layers were grown on the treated STO substrates using pulsed laser deposition at 700uC with an oxygen pressure of 1 3 10 24 mbar and a KrF laser. The LAO thickness was monitored in situ by reflection high-energy electron diffraction (RHEED) intensity oscillations, as depicted in Fig. 5a . After growth, the samples were annealed at the same growth temperature and oxygen pressure for 1 h and subsequently cooled to room temperature. Some of the samples were further annealed at 600uC for 3 h under atmospheric pressure of oxygen to diminish the oxygen vacancies as far as possible.
The large atomic terraces in the atomic force microscopy (AFM) image (Fig. 5b) confirm the flatness of the LAO surface. The superior quality of the LAO/STO heterostructures was further revealed by the fringes near the (001) reflection using X-ray diffraction (XRD) (Fig. 5c) ; such fringes resulted from the constructive interference of the X-ray beams reflected from the LAO surface and the LAO/STO interface.
Transport measurements. Al wires were connected to the LAO/STO interface using ultrasonic welding 41 . From our measurements, the LAO/STO interface is insulating for the LAO overlayers thinner than 4 uc, and becomes conducting for the LAO overlayers thicker than 3 uc. The electron density n e and the mobility m e of the interfacial q2-DEG were characterized by measuring the longitudinal resistivity and Hall resistivity at 10 K for the in-situ annealed samples. For a 5-uc thick LAO film, the n e is 3. 4 . These values are similar to those previously reported 5 . Vertical transport measurement was performed between an Au (or other metal contact) pad with a thickness of approximately 20 nm sputtered onto the LAO Masks were used to tune the lateral size of the surface electrode. The PV effect was measured between the surface electrode and the Al wire connected to the interfacial q2-DEG as depicted in Fig. 1b under illumination of low-pressure Hg lamps (10 W) with a main peak centered at 6.7 eV and 3.4 eV, respectively. The light intensity was 29 mWcm 22 unless otherwise specified. We also measured the PV response using a solar simulator (Newport 94023A) with an AM 1.5 G filter (415 W). For the I-V measurements between the surface electrode and the LAO/STO interface, the latter was set at zero voltage.
We used the PV device based on a 5-uc-LAO/STO heterostructure to drive a commercial CdS photoresistor (Senba Optical & Electronic, model GL55). The LAO/ STO heterostructure was under the illumination of a 6.7-eV UV light source, whereas a 2.3-eV green light was adopted to switch on or off the photoresistor.
Theoretical modeling. First-principles density functional calculations were performed using the VASP package [42] [43] [44] . The ion-electron interactions were described by the projector-augmented wave method 45 , and the generalized gradient approximation (GGA) with the spin-polarized PBE functional 46, 47 was used to approximate the exchange-correlation energy of the electrons. A Monhkorst-Pack grid of (7 3 7 3 1) k points was used for the unit cell. (LAO) 5 (STO) 5.5 and Au 4 (LAO) 5 (STO) 5.5 slab models as shown in Fig. 6 were adopted in the calculations. An additional TiO 2 layer was adopted to avoid the emergence of a spurious electric field (an approach used in Ref. 27 ). To test if a 4-layer Au slab can correctly represent the Au electrode, we calculated its work function to be 5.3 eV, in good agreement with the experimental value 48 . The distance between the Au slab and the (LAO) n slab was approximately 2.7 Å , at which distance good contact between the sample and the electrode is formed. A 12-Å thick area of vacuum was inserted between the neighboring slabs. In order to avoid the interaction between the neighboring slabs, a dipole correction as implemented in VASP was applied. The positions of all the active atoms were allowed to relax until the force on each atom was less than 0.05 eVÅ 21 . Finally, we used a 400-eV energy cutoff for geometric optimization and a 500-eV cutoff for the electronic structure.
For an LAO film with thickness of 5 uc, the calculated internal potential and field are 2.2 V and 113 mVÅ 21 , respectively without a top Au electrode, which agrees well with previous calculations 20, 21 , and decrease to 1.6 V and 83 mVÅ 21 , respectively with the presence of a top Au electrode. The field decreasing after Au capping results from the additional charge transfer from Au to STO near the LAO/STO interface, which further compensates for the polar field in the LAO. We also performed calculations for the LAO/STO with varied LAO thickness larger than 4 uc, and found that the internal potential is basically independent on the LAO thickness, in agreement with previous reports 12, 20, 21 .
